ABSTRACT Background: Short-term studies established that calcium influences bone accretion during growth. Whether long-term supplementation influences bone accretion in young adults is not known. Objective: This study evaluated the long-term effects of calcium supplementation on bone accretion among females from childhood to young adulthood. Design: A 4-y randomized clinical trial recruited 354 females in pubertal stage 2 and optionally was extended for an additional 3 y. The mean dietary calcium intake of the participants over 7 y was Ȃ830 mg/d; calcium-supplemented persons received an additional Ȃ670 mg/d. Primary outcome variables were distal and proximal radius bone mineral density (BMD), total-body BMD (TBBMD), and metacarpal cortical indexes. Results: Multivariate analyses of the primary outcomes indicated that calcium-supplementation effects vary over time. Follow-up univariate analyses indicated that all primary outcomes were significantly larger in the supplemented group than in the placebo group at the year 4 endpoint. However, at the year 7 endpoint, this effect vanished for TBBMD and distal radius BMD. Longitudinal models for TBBMD and proximal radius BMD, according to the time since menarche, showed a highly significant effect of supplementation during the pubertal growth spurt and a diminishing effect thereafter. Post hoc stratifications by compliance-adjusted total calcium intake and by final stature or metacarpal total cross-sectional area showed that calcium effects depend on compliance and body frame. Conclusions: Calcium supplementation significantly influenced bone accretion in young females during the pubertal growth spurt. By young adulthood, significant effects remained at metacarpals and at the forearm of tall persons, which indicated that the calcium requirement for growth is associated with skeletal size. These results may be important for both primary prevention of osteoporosis and prevention of bone fragility fractures during growth.
INTRODUCTION
Peak bone mass is one of the main determinants of osteoporotic fracture in humans (1) ; it is strongly influenced by genetics, but it could also be related to nutrition and exercise (2) . We suggested previously that calcium might be an important determinant of peak bone mass in young adults by influencing bone accretion during growth (1, 3, 4) . All clinical trials with calcium supplements in children and adolescents completed to date were relatively short and showed a positive effect of intervention on bone mass in young persons (3, (5) (6) (7) (8) (9) (10) . However, the extent to which those benefits could be translated to skeletal maturity was not confirmed. To understand further the nutritional determinants of peak bone mass, we conducted a long-term study with calcium supplementation in a cohort of females from childhood to young adulthood. The 7-y study included phases of bone modeling (change in size and geometry) during the pubertal growth spurt and of bone consolidation (endosteal apposition) during late adolescence, which represent the periods before and after epiphyseal closure, respectively.
SUBJECTS AND METHODS

Participants and sample size
The study was conducted in a cohort of young females recruited from 20 school districts in central Ohio. The minimum sample size calculation, based on the forearm bone mineral density (BMD) measurements in a pilot study (3) , showed that 105 subjects per group were required to detect a 2.7% difference in BMD at the proximal radius by the end of the second year at ␣ ҃ 0.05, with power ͧ 0.8. An invitation form, a food-frequency questionnaire, and a pubertal stage self-report form were mailed to 15 000 female students aged 8 -13 y (11). The inclusion criteria were white race, normal physical and mental health, pubertal stage 2, and calcium intake (determined by food frequency) below the threshold level of 1480 mg/d (12) . The exclusion criteria were a history of metabolic bone, kidney, liver, or celiac disease; use of oral cortisone, hormones, diuretics, or antiseizure medications; other current systemic, chronic disease; and the presence of clinically significant abnormal laboratory data on screening. Response rates of 8 -20% across schools generated initial data on 2000 girls who were willing to participate in the study. From this screening sample, 354 persons satisfied the inclusion criteria and were recruited for the study (Figure 1) .
The study protocol was approved by the Biomedical Sciences Institutional Review Board at The Ohio State University. All minors and their parents gave written informed consent.
Study protocol
This study was originally designed as a randomized, doubleblind, 4-y controlled clinical trial to assess the effect of calcium citrate-malate supplementation (1000 mg/d, given in 4 pills) on FIGURE 1. Study profile and subject disposition. Within the first 3 mo of the trial, 23.2% of girls from the supplemented group and 14.1% of girls from the placebo group dropped out of the study because of difficulty in swallowing the pills. No reason for the difference in withdrawal between the 2 groups is obvious. Additional disproportionate dropout occurred after year 4, when subjects were given the option of not continuing in the 3-y extension. Fifty-one percent of the subjects completed the 7-y trial. One subject who became morbidly obese and could not complete the dual-energy X-ray absorptiometry measurements remained in the study but was excluded from the analysis.
the BMD of the total body, the radius, and the metacarpal radiogrammetric measurements of adolescent females during the pubertal growth spurt. The study was subsequently extended for 3 y, into late adolescence, in the subjects who agreed to continue; double-blind status was preserved. On the basis of our previous cross-sectional study (13) , participants were first separated into 4 strata with the use of baseline total-body BMD (TBBMD) and body mass index (BMI; in kg/m 2 ), each at 2 levels (above and below the average value). The characteristics of the subjects were TBBMD 0.879 and BMI 18.5 in stratum A (n ҃ 122), TBBMD 0.879 and BMI ͧ 18.5 in stratum B (n ҃ 45), TBBMD ͧ 0.879 and BMI 18.5 in stratum C (n ҃ 79), and TBBMD ͧ 0.879 and BMI ͧ 18.5 in stratum D (n ҃ 108). The purpose of stratification was to allow for the equal distribution of bone measurements between the placebo and supplemented groups. Within each stratum, subjects were randomly assigned to either group. A list of consecutive random assignments to the calcium supplementation and placebo groups within each stratum, prepared by a statistician, led to 177 subjects within each group. A simple coding system linked the drug packages to the randomization list. The Proctor & Gamble Company provided calcium citrate-malate and placebo (microcrystalline cellulose) pills whose palatability and appearance were equal. Subjects were given a 6-mo supply of pills at each visit; additional pills were mailed if a return appointment had to be postponed. Subjects were instructed to take 2 pills in the morning and 2 pills in the evening. Compliance was monitored by pill counts and assessed by fecal calcium density, serum parathyroid hormone (PTH) concentrations, and 24-h urinary calcium excretion.
Outcome measures and confounding factors
Primary outcome measures in this study were bone mineral areal density of the whole body and radius at 2 sites [proximal (33% of the radius length) and distal (10% of the radius length)], and metacarpal cortical index. Metacarpal radiogrammetry was previously used in the study of nutrition, peak bone mass, and hip fracture rates in adults (1) and was shown to distinguish children with upper-limb fractures from their control subjects (14) . Secondary outcome measures in the current study were stature, bone width, bone area, and bone turnover markers. Measures to control for confounding factors included assessment of nutritional status (ie, dietary calcium, protein, energy intake, and 24-h urinary sodium), energy expenditure, body weight, skeletal age, and pubertal development. Medical history, physical examination, and completed dietary and physical activity questionnaires and weight, height, and bone mass measurements of the whole body and the forearm were obtained at baseline and every 6 mo; blood (drawn between 0800 and 1700), 24-h urine, and stool samples (no baseline data) were obtained at baseline and annually. Hand X-rays for skeletal age and radiogrammetry of the metacarpal bones were obtained at baseline and at years 4 and 7. The subject's weight was measured to the nearest 0.1 kg while the subject was wearing normal indoor clothing but no shoes. Standing height to the nearest 0.1 cm was recorded on a wall-mounted stadiometer (nearest 0.1 cm) while the subject was without shoes and with the mandible plane parallel to the floor (11). The subjects self-assessed their pubertal stage by marking on a chart the appropriate figures of sexual development, and the onset of menarche was documented within 6 mo of the event (15) . Body composition (ie, lean body mass and body fat) and BMD were measured by using dual-energy X-ray absorptiometry (DXA; GE-Lunar DPX-L) with DPX-L software (version 1.3q; GELunar). The precision errors (%CV) for the whole body and radius shaft BMD measurements were 0.5% and 0.8%, respectively (15) . The two-person interobserver error for DXA analysis was 0.1%. Daily phantom measurements on the DXA indicated a steady but extremely slow machine drift (a total decrease of 1.8% over 5 y); BMD was adjusted accordingly. Skeletal age was determined from radiographs of the nondominant hand by using the FELS method (16) . Radiogrammetry of the metacarpals was performed by using the automated X-Posure System (Pronosco A/S, Vedboek, Denmark; 17). The CVs for the static and repositioned measurements were 0.0% and 0.2% for bone width and 0.5% and 0.6% for cortical thickness, respectively (18) . Metacarpal cortical area (CA) and total cross-sectional area (TA) and the metacarpal cortical index, the ratio of CA to TA, were calculated. Nutritional status was assessed from 3-d dietary food records by using NUTRITIONIST III software (version 8.5l; Hearst Corp, San Bruno, CA). Weight-corrected energy expenditure was estimated by recording activity in 15-min intervals for 2 d (11, 19) . Serum urine and stool specimens were stored at Ҁ80°C and Ҁ20°C, respectively, and analyzed in multiple batches at different times throughout the study. Basic blood and urine chemistry measurements were made by using a Hitachi 717 Chemistry Analyzer (Boehringer-Mannheim, Indianapolis), and serum calcium was adjusted per total protein. Stool samples were collected before visits and aliquot used for fecal calcium density (mg calcium/g dry feces) measurement as previously described (20) . Urine and fecal calcium were measured by atomic absorption spectrophotometry. Urinary N-telopeptides (NTX; nmol · L bone collagen equivalent/24 h) were measured by a competitive inhibition enzyme-linked immunosorbent assay (Osteomark; Ostex International, Seattle). Serum 25-hydroxyvitamin D 3 [25(OH)D 3 ] was measured in each sample (excluding baseline) by using a radioimmunoassay (RIA) with 125 I-labeled tracer (21) . Serum osteocalcin was measured by immunoradiometric assays, and PTH was measured by Allegro immunoassay kits (both: Nichols Institute, San Juan Capistrano, CA). The stability of the PTH was shown by 99.1% agreement between repeated assays of a subsample (n ҃ 10) in 1994 and 2000.
Statistical analysis
This long-term study allowed us to evaluate the effectiveness of calcium supplementation on bone mineral accretion during the period when most of the bone mass is accumulated. The distributions of confounding factors within the calcium-supplemented and placebo groups were compared by using the two-sample Kolmogorov-Smirnov tests for equality of distributions of average cumulative response over all visits for the 4-and 7-y cohorts. For the 7-y cohort, the distributions of average cumulative response over all visits during the first 4 y were also compared.
The primary outcome variables were analyzed by using repeatedmeasures multivariate analysis of variance (MANOVA) (visits 1-9 or 1-15) consisting of main effects and interactions for treatment and visits, as well as a more general MANOVA (visits 2-9 or 2-15), in which the observations on the same person were treated as response variables with the use of an arbitrary variance-covariance matrix with baseline values as covariates. The gains from baseline were also analyzed by using repeatedmeasures MANOVA with baseline values as covariates. If the repeated-measures MANOVA indicated a significant interaction effect or if the general MANOVA indicated significant differences between the mean responses, the follow-up univariate analyses [t test for gain and analysis of covariance (ANCOVA), with baseline values as covariates for the placebo and supplemented groups] at the endpoints of the original 4-y and the extended 7-y clinical trial are also presented. All these tests were made at ␣ ҃ 0.05. Even though the subjects made ͨ15 visits, the mean (Ȁ SD) data are shown only for the baseline and the 4-y and 7-y endpoints.
An intent-to-treat analysis was performed to measure the programmatic effectiveness of calcium supplementation while ignoring the lack of full compliance (22, 23) . Because the distributions of the confounding factors over time did not differ significantly, we did not include any of these variables in the analysis of primary outcomes. Furthermore, because the baseline measurements for cohorts in the 4-y and 7-y analyses did not differ significantly, no adjustments for differential dropouts were made.
Significant interactions in the repeated-measures MANOVA, as well as the results from the general MANOVA and the follow-up univariate analyses, suggested a possible catch-up phenomenon in bone mass acquisition in the placebo group at some of the skeletal sites. To obtain an insight into the skeletal physiology of bone growth and the timing of the catch-up phenomenon, longitudinal analyses based on the linear mixed-effect model (LME; 24, 25), with years since menarche (YSM) as the time line, group effects as fixed, and subject effects as random, were carried out by using data from subjects for whom there were ͧ2 observations and with known onset of menarche (n ҃ 252) for some of these skeletal sites.
The YSM is the best determinant of bone physiology in pubertal females. It serves as a biological clock for the events associated with menarche (26 -28) , and it minimizes the effect of heterogeneity on subjects' bone biology within each visit. The fixed group effects for bone mass accretion patterns in our LME model are represented by regression splines, ie, piece-wise cubic polynomials; constraints are such that the overall function is continuous and smooth at the joining points of these polynomials (knots). We used a natural-spline model (25) , with fixed specified knots that further assumes linear trends in segments outside the lower and upper boundary knots. The large-sample chisquare tests for the significance of fixed effects in LME are based on likelihood ratio statistics (25) . We also obtained 95% confidence bands for the difference in bone mineral areal density patterns for the corresponding groups. The band provides the estimated range of YSM values during which the patterns being compared differ significantly. Conservatively, when this confidence band contains zero, the difference at that time point is not significant at ␣ ҃ 0.05. In addition, because the chi-square test is geared to test multiple hypotheses, it is possible that the LME model P value indicates highly significant fixed effects, but the confidence band may show insignificant differences at the full range of YSM time points. This phenomenon is similar to the F test in ANOVA, in which the F test shows significance, but the pairwise comparisons may not differ significantly.
This modeling strategy allows flexible shapes for regression functions in the analysis of longitudinal data (29 -32) . Our model assumes that a subject-specific bone-mass accretion pattern is a random effect that differs from its treatment group by an intercept term. It is similar to the model reported earlier in a bone-mass modeling study (32) . This model was used to estimate patterns for the primary and secondary outcome variables and calcium metabolic measurements. On the basis of bone biology, 4 knots at Ҁ2, 0, ѿ2, and ѿ4 YSM were used in bone outcome models. For the bone turnover markers, serum calcium, serum PTH, and fecal and urinary calcium concentrations, which were collected yearly, 3 knots at Ҁ2, 0, and ѿ2 YSM were used. Because the randomization to the 2 treatment groups was performed within each of the 4 strata, our initial model for the 2 ҂ 2 ҂ 2 factorial experiment included distinct regression splines for each subgroup (25) . However, the factor "baseline BMI" was dropped from the model because it showed no significant effect on the bone accretion profiles. Furthermore, the factor "baseline TBBMD" had only a significant main effect (Ȁ 0.038, P 0.001) in the TBBMD accretion patterns without any interaction with the pill or placebo factor. The models were fitted for different combinations of boundary knots, all of which provided qualitatively similar results. The results based on boundary knots at Ҁ3 YSM (baseline average Ҁ SD) and at ѿ6 YSM (last visit average ѿ SD) are presented here.
The biologic efficacy (22, 23) of calcium intake was evaluated by using LME analysis of data after post hoc stratification of subjects based on the average total cumulative calcium intake over time (ie, above or below the habitual dietary calcium intake of 830 mg/d), irrespective of assigned group. Total calcium intake for subjects in the supplemented group included dietary calcium plus pill calcium after adjustment for compliance.
Finally, post hoc stratifications according to the final height or the TA above and below the median (ie, tall or short and larger or smaller bones, respectively) were also performed in subgroup analyses to establish whether body or bone size affects calcium requirement as previously indicated (33, 34) . The two-factor (ie, group and size) ANCOVA for BMD at proximal radius and cortical bone mass (CA), with the baseline value of the response variable used as a covariate, was performed at both the year 4 and the year 7 endpoints to assess the overall differences among the 4 subgroups by using the F test. The contrast between the means of the placebo and calcium-supplemented groups for persons within each size subgroup was tested by using t tests to assess their interactions. We used S-PLUS 2000 for WINDOWS software (Professional Release 3; Insightful Corporation, Seattle) for all statistical analyses (35) .
RESULTS
Study population
Participant flow is shown in Figure 1 . Baseline characteristics of the study population are presented in Table 1 . There were no significant differences at baseline in any of the values between the placebo and calcium-supplemented groups. Moreover, the cohorts with ͧ2 visits, those who completed the 4-y and 7-y intervention, and those in the high or low calcium intake subgroups did not differ significantly in baseline characteristics between the 2 groups. In addition, the distributions of the confounding factors, including pubertal stage, skeletal age, dietary proteins, energy intake and expenditure, and urinary sodium, did not differ significantly between the 2 groups throughout the study (range of P values: 0.30 -0.83). The average serum calcidiol concentration over time was 27.9 Ȁ 10.2 ng/mL and 27.5 Ȁ 10.9 ng/mL in the supplemented and placebo groups, respectively (range of P values: 0.33-0.55). The placebo group had a slightly higher proportion of ever-users of contraceptives (23%) than did the supplemented group (13%). However at age Ȃ18 y, the twoway (ie, group and contraceptive use indicator) ANOVA for the bone variables found no interaction between the factors TBBMD (P ҃ 0.642), proximal radius BMD (P ҃ 0.758), and CA:TA (P ҃ 0.527).
The average dietary calcium intake among the study participants was 830 Ȁ 236 mg/d. This intake remained practically unchanged over the 7-y period and was considered the habitual dietary calcium intake of the study population ( Table 2 ). The average total calcium intake in the supplemented group (1498 Ȁ 318 mg/d) was close to the calcium intake threshold for adolescents (12) . Total calcium intake in the supplemented group declined by Ȃ10% from age 15.5 y to age 18 y, primarily because of a decrease in compliance with pill taking (Table 2 ). In addition, several placebo group subjects had an average cumulative calcium intake comparable to the total calcium intake in the supplemented group.
Compliance measures
The average cumulative compliance with pill taking during both the first 4-y period (70 Ȁ 20% and 71 Ȁ 21% for the supplemented and placebo groups, respectively) and the 7-y period (65 Ȁ 22% and 66 Ȁ 22%) did not differ significantly between groups. The calcium-supplemented group had significantly higher fecal calcium density (P 0.001), higher serum calcium concentrations (P 0.009), lower serum PTH concentrations (P 0.001), and higher urinary calcium excretion (P 0.006) (Figure 2 ) than did the placebo group. PTH concentrations in the placebo group reached their peak by the onset of menarche and declined thereafter, subsequent to changes in serum calcium. Fecal calcium density and urinary calcium were lower in both groups during the premenarcheal period than after menarche. The trend was not clinically significant, but the fact that the pattern changes at menarche is clinically significant.
Bone turnover markers
For serial measurements of the markers of bone formation (ie, serum alkaline phosphatase and osteocalcin) and bone resorption (urinary NTX), the YSM was the best descriptor of the events associated with puberty. The markers all reached their peak near the onset of menarche and declined thereafter. There were no significant differences in serum total alkaline phosphatase (P ҃ 0.30), serum osteocalcin (ng/mL) (P ҃ 0.69; Figure 3) , and urinary NTX excretion (nmol · L bone collagen equivalent/d; P ҃ 0.31; Figure 3 ) between supplemented and placebo groups.
Stature, bone width, and bone mineral area
After 4 y of intervention there was no significant difference in gains in stature, TA, and bone mineral areas between the calcium-supplemented and placebo groups ( Table 3) . Nor were differences in gains in stature, metacarpal TA, and bone mineral areas confirmed after 7 y of intervention ( Table 4 ). In addition, a repeated-measure MANOVA for height, metacarpal TA, and bone mineral areas, in which baseline values were used as covariates, showed no significant group ҂ time interactions or group main effects.
Bone mineral density and metacarpal radiogrammetry
Because the original clinical trial was set up for a 4-y duration, we first present analyses of the primary outcomes for this cohort, to dispel the possible idea that the extension of the trial may have been conducted to achieve significant results. The general MANOVA on primary outcome variables (visits 2-9) for the 4-y cohort, in which baseline values were used as covariates, and the general MANOVA for the gain from baseline (supplemented group: n ҃ 100, placebo group: n ҃ 120) indicated highly significant treatment effects on TBBMD (covariate analysis: P 0.0003; gain: P 0.0006). Similar analyses for proximal (supplemented group: n ҃ 91, placebo group: n ҃ 108) and distal (supplemented group: n ҃ 93, placebo group: n ҃ 111) radius BMD, in which baseline values were used as covariates, found significant effect for distal radius BMD only (P 0.0026). The repeated-measures MANOVA for these 3 variables (visits 1-9) and for their gain from baseline (visits 2-9), in which baseline values were used as covariates, found that, for the BMD measurements, group ҂ visits interactions are all highly significant (P 0.028), but, for the gains from the baseline, none of these interactions are significant (P 0.572). The repeated-measures MANOVA for metacarpal CA and CA:TA (supplemented group: n ҃ 101, placebo group: n ҃ 118), in which baseline values were used as covariates, found significant interaction effects for CA:TA but an insignificant interaction effect for CA (ratio of CA to TA: P 0.02; CA: P 0.09). The ANOVA for gain from baseline, in which baseline values were used as covariates, showed significant differences between the groups for CA:TA (P 0.024). Table 3 shows the data for these variables at baseline and at the year 4 endpoint and their gains from the baseline, along with the follow-up univariate analyses for BMD at the 3 sites and for metacarpal CA and CA:TA. The follow-up univariate analyses of these data at the year 4 endpoint show that TBBMD, proximal and distal radius BMD, metacarpal CA:TA, and the gains in TBBMD and metacarpal CA:TA, when baseline measurements were used as covariates, were significantly higher in the calcium-supplemented group than in the placebo group.
For the 7-y cohort, the general MANOVA for comparing the mean responses on primary outcome variables (visits 2-15), in which their baseline values were used as covariates, found a highly significant treatment effect on TBBMD (supplemented group: n ҃ 60; placebo group: n ҃ 67; P 0.0004), proximal radius BMD (supplemented group: n ҃ 56; placebo group: n ҃ 63; P 0.024), and distal radius BMD (supplemented group: n ҃ 57; placebo group: n ҃ 64; P 0.028). The repeated-measures (100) MANOVA (visits 1-15), in which baseline values were used as covariates, found highly significant treatment ҂ visits interaction for all 3 variables (P 0.0006). The repeated-measures MANOVA of the gains from the baseline for this cohort, in which baseline measurements were used as covariates, found highly significant treatment ҂ visit interactions in TBBMD (P 0.0097) and proximal radius BMD (P 0.001). A subanalysis of gain from the baseline by using general MANOVA on the follow-up data from the first 4 y only (visits 2-9) found that the supplemented and placebo groups were significantly different (TBBMD: P 0.0004; proximal radius BMD: P 0.004). However, the general MANOVA for the gains from baseline for the same cohort during the 3-y study extension (visits 10 -15) did not find a difference between the groups (TBBMD: P 0.220; FIGURE 2. Longitudinal patterns based on the linear mixed-effect (LME) model for the supplemented (-) and placebo (---) groups for biochemistry data with years since menarche and the corresponding 95% CIs for their difference. A and B: supplemented group, n ҃ 106; placebo group, n ҃ 125; C and D: supplemented group, n ҃ 116; placebo group, n ҃ 137; E and F: supplemented group, n ҃ 115; placebo group, n ҃ 137; G and H: supplemented group, n ҃ 115; placebo group, n ҃ 137. The CI provides the estimated range of values for years since menarche during which the 2 groups differ significantly; when the CI contains zero, the difference at that time point is not significant. FCD, fecal calcium density; PTH, parathyroid hormone. proximal radius BMD: P 0.346). The repeated-measures MANOVA for metacarpal CA and CA:TA, in which baseline values were used as covariates (visits 1, 9, 15; supplemented group: n ҃ 76; placebo group: n ҃ 96), found that treatment ҂ visit interactions were significant for these variables (CA: P 0.024; ratio of CA to TA: P 0.0034). However, for the gains from baseline, when baseline measurements were used as covariates, the interaction was significant for CA:TA (P 0.0000) but not for CA (P 0.11). Table 4 provides data for these variables at baseline, at the year 4 and year 7 endpoints, and their gains from the baseline, along with the results of follow-up univariate analyses for BMD at the metacarpal CA and CA:TA, FIGURE 3. Longitudinal patterns based on the linear mixed-effect (LME) model for the supplemented (-) and placebo (---) groups for bone turnover biomarkers with years since menarche and the corresponding 95% CIs for their difference. A and B: supplemented group, n ҃ 116; placebo group, n ҃ 137; C and D: supplemented group, n ҃ 115; placebo group, n ҃ 137. The differences between the groups were not significant for osteocalcin and urinary N-telopeptide. The CI provides the estimated range of values for years since menarche during which the 2 groups differ significantly; when the CI contains zero, the difference at that time point is not significant.
TABLE 3
Stature and bone outcome measures in the 4-y cohort of subjects in the supplemented and placebo groups at baseline and year 4 All values are x Ȁ SD. BMD, bone mineral density; BMA, bone mineral area; CA, metacarpal cortical area; TA, metacarpal total area. Univariate two-sample t test for gain and analysis of covariance for the placebo (n ҃ 121) and supplemented (n ҃ 101) groups, with baseline values as covariate, at the 4-y endpoint, whenever the repeated-measures multivariate analysis of variance (MANOVA) indicated a significant interaction effect or the general MANOVA indicated significant differences in the mean responses. Because the MANOVAs ignore a case with even one missing observation, the number of subjects reported in the text for some of the MANOVAs was substantially less than the number of subjects reported in the table, which includes all subjects who were measured at the endpoint. 2, 3 Significantly different from baseline: 2 P 0.01, 3 P 0.05.
TABLE 4
Stature and bone outcome measures of the 7-y cohort of subjects in the supplemented and placebo groups at baseline and at years 4 and 7 All values are x Ȁ SD. BMD, bone mineral density; BMA, bone mineral area; CA, metacarpal cortical area; TA, metacarpal total area. Univariate two-sample t test for gain and analysis of covariance for the placebo (n ҃ 98) and supplemented (n ҃ 79) groups, with baseline values as covariate, at the 4-y and 7-y endpoints, whenever the repeated-measures multivariate analysis of variance (MANOVA) indicated a significant interaction effect or the general MANOVA indicated significant differences in the mean responses. Because the MANOVAs ignore a case with even one missing observation, the number of subjects reported in the text for some of the MANOVAs was substantially less than the number of subjects reported in the table, which includes all subjects who were measured at the endpoint(s).
2,3
Significantly different from baseline:
adjusted for the baseline values. The differences between the supplemented and placebo groups in TBBMD and distal BMD, which were significant at the year 4 endpoint, were no longer significant at the year 7 endpoint. In addition, the metacarpal CA and CA:TA and their gains from baseline were significantly higher in the supplemented group than in the placebo group at both these endpoints (Table 4) . Collectively, these analyses clearly indicated a need for further examination of the longitudinal behavior of bone mass accretion in the supplemented and placebo groups. The longitudinal analysis based on the LME model revealed a significant influence of calcium supplementation on TBBMD (P 0.001) and proximal radius BMD (P 0.001) (Figure 4) .
The calcium-supplemented group showed a faster rate of bone mass accretion from the beginning of the study; the maximum difference between the BMD of the 2 groups at both of these sites occurred during the interval from Ҁ1 YSM to ѿ1 YSM. After ѿ1 YSM, the differences between the groups started to diminish, and they became insignificant after ѿ3 and ѿ5 YSM for TBBMD and proximal radius BMD, respectively (Figure 4) .
A post hoc stratification of subjects based on the complianceadjusted average cumulative total calcium intake, irrespective of assigned group, showed significant influence of calcium on the proximal radius BMD pattern (P 0.0001) (Figure 5) . The high-calcium-intake subgroup (average intake: 1353 Ȁ 342 mg/d; n ҃ 180) has persistently higher BMD of the proximal radius FIGURE 4. Longitudinal patterns based on the linear mixed-effect (LME) model for the supplemented (-) and placebo (---) groups for bone mineral density (BMD) with years since menarche and the corresponding 95% CIs for their difference. A and B: supplemented group, n ҃ 115; placebo group, n ҃ 137; C and D: supplemented group, n ҃ 115; placebo group, n ҃ 137. Gray background in panels A and C shows patterns of 15 randomly selected persons in each group. The CI provides the estimated range of values for years since menarche during which the 2 groups differ significantly; when the CI contains zero, the difference at that time point is not significant.
FIGURE 5.
Longitudinal patterns based on the linear mixed-effect (LME) model for the post hoc strata with high (-) and low (---) calcium intakes, irrespective of assigned group, for the proximal radius bone mineral density (BMD) with years since menarche and the corresponding 95% CIs for their difference: high-calcium-intake subgroup, n ҃ 180 (average cumulative calcium intake: 1353 Ȁ 342 mg/d); low-calcium-intake subgroup, n ҃ 89 (average cumulative calcium intake: 668 Ȁ 118 mg/d). The CI provides the estimated range of values for years since menarche during which the 2 groups differ significantly; when the CI contains zero, the difference at that time point is not significant. from puberty to young adulthood than does the low-calcium-intake subgroup (average intake: 668 Ȁ 118 mg/d; n ҃ 89).
Skeletal size and calcium requirement
According to the two-factor (ie, pill or placebo and short or tall) ANCOVA of the proximal radius BMD, the overall F test indicated a significant effect (P 0.04) at the year 4 endpoint and an insignificant effect (P ҃ 0.23) at the year 7 endpoint. At year 4, the interaction between these 2 factors showed that, for taller subjects, the contrast between the placebo and calciumsupplemented groups was significant (P 0.006), whereas, for shorter subjects, the test for the contrast did not reveal any significant effect (P ҃ 0.826). Consequently, we performed separate LME analysis for the tall and short subgroups, which found a significant influence of calcium supplementation on bone mineral accretion at proximal radius in tall persons. The maximum difference between the BMD of the 2 groups was during the interval Ȁ1 YSM. After ѿ5 YSM, the differences between the groups started to diminish and became insignificant after ѿ5.5 YSM (Figure 6 ). Unlike the tall subgroup, the short subgroup did not show an effect of calcium supplementation on the proximal radius BMD (Figure 6 ).
The F test in the two-factor (ie, pill or placebo and larger or smaller bones) ANCOVA of the metacarpal CA found significant overall effects at both the year 4 (P 0.006) and the year 7 (P 0.005) endpoints. The interaction between these 2 factors showed that, among subjects with larger metacarpals, the contrasts between the placebo and calcium-supplemented groups were highly significant at both the year 4 (P 0.02) and year 7 (P 0.002) endpoints; however, the effect was not present among subjects with smaller metacarpals at either year 4 (P ҃ 0.79) or year 7 (P ҃ 0.70). This implies that a calcium intake of Ȃ830 mg/d was adequate for persons with smaller metacarpals but insufficient for those genetically predetermined to develop larger bones.
Bone fracture
Twenty girls from the placebo group and 9 girls from the calcium-supplemented group reported having a bone fracture because of a moderate trauma during the trial. There were 3 forearm fractures in the supplemented group (33%) and 11 in the placebo group (48%). The average timing of the fracture was ѿ1.2 Ȁ 0.4 YSM, which coincides with the bone-modeling phase in skeletal development and overlaps with the timing of the maximal effect of calcium supplementation on BMD among young females in this study (Figure 4) .
DISCUSSION
This study documents that calcium supplementation (Ȃ670 mg/d) beyond a habitual dietary calcium intake of Ȃ830 mg/d (increasing total calcium intake up to Ȃ1500 mg/d) positively influences bone mass acquisition throughout the bone-modeling phase of the pubertal growth spurt. This effect diminishes during the skeletal consolidation of late adolescence that is due to the catch-up phenomenon in bone mineral accretion. At the beginning of young adulthood, the positive effect of calcium supplementation was evident at all skeletal regions of interest; however, the only differences that remained significant were those at the metacarpals and at the proximal radius among the subgroup with high calcium intake and in tall persons.
FIGURE 6.
Longitudinal patterns based on the linear mixed-effect (LME) model for the supplemented (-) and placebo (---) groups for bone mineral density (BMD) of the proximal radius with years since menarche and the corresponding 95% CIs for their difference, with the post hoc substratification based on the final stature (height above and below the median). A and B: supplemented group, n ҃ 50; placebo group, n ҃ 62; C and D: supplemented group, n ҃ 53; placebo group, n ҃ 60. The CI provides the estimated range of values for years since menarche during which the 2 groups differ significantly; when the CI contains zero, the difference at that time point is not significant. The results show a significant interaction between body size (stature) and treatment.
The explanation for the catch-up phenomenon lies within the skeletal physiology of growth, which dictates calcium requirement (4, 12) . Calcium requirement is the highest during the pubertal growth spurt, when most of the retained calcium contributes to skeletal build-up to accommodate longitudinal bone growth and periosteal bone expansion (4, 13) . During this interval, Ȃ37% of the entire adult skeletal mass is accumulated (13) . Therefore, inadequate calcium intake during this period compromises the bone mineral accretion rate (3) . During the pubertal growth spurt, there was an obvious discrepancy between optimal and actual calcium intakes among the placebo group in this study, which was possibly reflected in a higher fracture rate, even though that was not a research outcome variable. However, when bone modeling slows down (by epiphyseal closure that results from increased estradiol secretion after menarche), the demand for calcium declines, and the calcium intake threshold decreases from 1480 to 957 mg/d (12) . The habitual calcium intake in the young women in the current study is very close to this reduced requirement and is sufficient to accommodate bone consolidation, which allows BMD to catch up slowly.
These conclusions are supported by the blood, stool, and urine chemistry measurements. During bone modeling of the pubertal growth spurt, the PTH concentrations in the placebo group reached a maximum and declined thereafter. The increase in PTH could increase intracortical remodeling and porosity as indicated previously (36) and is reflected in a slightly increased urinary NTX excretion. The pubertal growth spurt is the time when serum calcitriol concentration is at its maximum and is increasing calcium absorption to accommodate skeletal needs (37) , which results in a lower fecal calcium excretion (4) , and presumably in a lower fecal calcium density. Calcium absorption decreases during bone consolidation in late adolescence (4), and fecal calcium density increases concomitantly. Calcium supplementation during the pubertal growth spurt partially blunts PTH secretion, which suggests that calcium intake is adequate, and bone resorption decreases concomitantly, as previously documented by calcium kinetics (38) . The changes in serum PTH reflect the fluctuations in serum calcium concentration during growth. Serum calcium is lower during the bone-modeling phase of the pubertal growth spurt than it is either before that phase or later, during the bone-consolidation phase. Urinary calcium follows those changes closely (4) . Urinary calcium excretion is lower during the bone-modeling phase than during skeletal consolidation. The difference in urinary calcium excretion between the 2 groups was much smaller during the pubertal growth spurt (7%) than it was in late adolescence (18%), which implies that urinary calcium is less dependent on intake during bone modeling, as documented by balance studies (3, 4) . Calcium supplementation increased urinary calcium more during bone consolidation, despite a drop in calcium intake (by 10%), which suggests that the calcium supply is adequate.
The catch-up phenomenon in bone mass acquisition suggests the existence of a reversible mineral deficit that is acquired during the pubertal growth spurt (36) and that can be repaired during bone consolidation. The catch-up phenomenon was apparent, in particular at the total body. However, at the metacarpals and at the proximal forearm of persons accustomed to different calcium intakes, the difference created during bone modeling was maintained into young adulthood, which implies incomplete catch-up and a lower peak bone mass. The lower the habitual calcium intake in the population, the higher the possibility of a low peak bone mass at skeletal maturity. The results of ecologic studies (1, 39) conducted among populations accustomed to very low lifetime calcium intakes point in this direction. Metacarpal radiogrammetric measurements (ie, CA and CA:TA) were lower in women from a low-calcium-intake area of Croatia, who were accustomed to calcium intakes of Ȃ400 mg/d over a lifetime and who had a concomitantly high rate of hip fracture (1) . Similar findings with regard to peak bone mass were obtained in animal experimentations by manipulating calcium in the diet early in life (40, 41) .
In addition to BMD, the current study evaluated the effect of calcium supplementation on longitudinal (height) and periosteal (width) bone expansion and on bone mineral area. The results show that calcium supplementation in addition to the habitual calcium intake of Ȃ830 mg/d had no effect on bone geometry measurements.
To ascertain whether BMD is related to calcium supplementation among persons of different body frames, its interactions with final height and periosteal expansion (TA) were examined (33, 34) . Among subjects destined to be taller or to have larger bones, those with higher calcium intakes had significantly higher BMD than did those with lower calcium intakes. These results strongly support the notion that dietary calcium requirement for skeletal development is size dependent.
All clinical trials with calcium or dairy product supplementation in children and adolescents that have been completed to date (3, (5) (6) (7) (8) (9) (10) (42) (43) (44) showed a positive effect of intervention on bone mass, but they were all too short (1-3 y) to address the question of whether it is the adaptation of bone tissue to nutritional challenge that leads to peak bone mass. The increase in bone mass observed in those short-term studies could be explained to a large extent by the phenomenon of the bone-remodeling transient (45) . In some of the studies reported earlier, the difference in bone mass between the groups diminished after calcium intervention was discontinued (46, 47) , which indicated that the bone accretion gained in the first transient was lost as a result of the second (45) . In other studies, the effects of intervention were maintained 1-3 y after discontinuation of treatment (44, 48, 49) ; this result may be specific to the calcium source, to the amount of habitual dietary calcium intake, or both.
In the current study, however, calcium supplementation continued without interruption for 7 y, which allowed for the adaptation in bone behavior during the bone-modeling and boneconsolidation phases in skeletal development and extended long after the first bone-remodeling transient effect ended (Ȃ12 mo after the beginning of intervention). According to calcium balance studies (4), the calcium requirement of the participants during the 7-y follow-up was changing as well. The effect of the second transient, following the discontinuation of calcium supplementation after 7 y, therefore is not expected because dietary calcium requirements have been reduced to an amount closer to habitual dietary calcium intake. Thus, if we assume that these women will maintain their dietary habits, it is unlikely that the differences in bone mass measurements observed at these skeletal regions of interest at the beginning of young adulthood will disappear by the cessation of intervention. A follow-up study may be necessary for confirmation.
Some studies indicate that calcium intake may play a role in the prevention of fractures due to bone fragility during growth (50, 51) . The fracture rate was not a primary research outcome, but the reported fracture incidence in our study points in this direction, although the sample size may be too small for adequate interpretation. Because the peak incidence of fractures due to bone fragility coincides with the pubertal growth spurt (52, 53) , our results indicate that calcium intakes at threshold level may reduce the risk of fracture during this stage of skeletal development, irrespective of the catch-up phenomenon in bone mass acquisition that occurs thereafter. The possibility that calcium intakes may reduce the risk of fracture is particularly important given the large number of childhood forearm fractures and the rising incidence over the last 30 y (54). A long-term intervention study of calcium supplementation in children that evaluates the forearm fracture as the main research outcome should be conducted to resolve this issue.
It is of great interest to pediatricians to tailor the nutritional recommendations for adolescents to their individual calcium needs, which are maximal at the pubertal growth spurt. However, such specification may be difficult to implement in practice because a person's rates of bone growth and skeletal maturity cannot be predicted precisely. The results of the current study also have implications for dietary calcium intake standards for children and adolescents worldwide; the standards for one ethnic group might not be suitable for another. Each country should develop its own standards that are specific to the people living in the region. Factors such as ethnicity, dietary habits (including salt intake), sunlight exposure, and activity level all play a role, but stature and body frame must also be considered.
In summary, this study documents that calcium supplementation in excess of a habitual calcium intake of Ȃ830 mg/d affects BMD during the pubertal growth spurt, but there is a diminishing effect thereafter that is due to the catch-up phenomenon in bone mineral accretion. By young adulthood, significant effects of calcium supplementation were present at metacarpals and at the proximal forearm in subjects who had better calcium compliance and in subjects who developed larger body frames. These results imply that standards for dietary calcium intake in adolescence should be based on growth rate and body and bone size development. The results of this study may be important for the prevention of bone fragility fractures during growth, as well as for the primary prevention of osteoporosis.
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